Introduction
============

Adenoviruses, which belong to the family Adenoviridae, are nonenveloped viruses with an icosahedral nucleocapsid and double-stranded DNA genome. The *Mastadenovirus* genus infects mammals and includes human, simian, equine, bovine, porcine, ovine, canine, and opossum viruses. In humans, 51 distinct adenoviral serotypes have been identified that can cause a wide range of illnesses including respiratory infections, gastroenteritis, acute febrile pharyngitis, pharyngoconjunctival fever, and epidemic keratoconjunctivitis.[@b1-ijn-11-1847],[@b2-ijn-11-1847]

Currently, the 51 serotypes of human adenovirus are classified into subgroups A--F,[@b3-ijn-11-1847] although recent studies have reported an additional new serotype.[@b4-ijn-11-1847] Each type of adenovirus infects via a different route[@b5-ijn-11-1847],[@b6-ijn-11-1847] as follows: respiratory tract infection is caused by Types 1--7 (subgroups B, C, and E); ocular infection is caused by Types 8, 19, and 37 (subgroup D); and urinary tract infection is caused by Types 11 and 21 (subgroup B). A common causative agent of infantile diarrhea is Types 40 and 41 adenovirus (subgroup F).

Recent developments in immunochromatography have facilitated the convenient detection of adenovirus in biological samples, which has considerably improved clinical diagnosis.[@b7-ijn-11-1847]--[@b9-ijn-11-1847] Nonetheless, immunochromatography is sometimes insufficiently sensitive to detect low levels of adenovirus in clinical samples.[@b9-ijn-11-1847] Although the polymerase chain reaction (PCR) is a highly sensitive means of detecting adenovirus, the method is time consuming and is generally performed in the laboratory rather than the clinic. Thus, novel methods are needed for the early and sensitive detection of adenovirus in clinical samples.

Rapid and sensitive detection of adenoviruses is crucially important for both restricting the spread of disease and improving therapeutic outcome. Pretreatment of clinical samples to concentrate adenovirus considerably increases the sensitivity of viral detection. There are two major considerations when developing a novel technique to concentrate adenovirus; first, the method should be compatible with current detection procedures, and second, it should be simple and straightforward to perform. Several approaches have been used to increase the concentration of viruses from clinical samples to enhance the sensitivity of detection.[@b10-ijn-11-1847]--[@b12-ijn-11-1847] For example, ultracentrifugation and polyethylene glycol (PEG)-mediated precipitation have been used to concentrate a number of different viruses, including adenovirus. Although ultracentrifugation is a well-established procedure for concentrating viruses, it is time consuming and can be incompatible with PCR (ie, increases the number of false-positives).[@b13-ijn-11-1847],[@b14-ijn-11-1847] Moreover, while PEG precipitation of virus particles is simple and easy to perform, the PEG can sometimes interfere with the subsequent PCR amplification step.[@b15-ijn-11-1847] In addition, both ultracentrifugation and PCR reduce infectivity of viruses. An alternative approach for concentrating viruses in clinical samples is to use magnetic beads coated with molecules that efficiently bind viral particles such as organic chemicals and biomolecules. Indeed, we and other groups have reported that magnetic beads coated with an anionic polymer, poly(methyl vinyl ether-maleic anhydrate) (poly(MVE-MA)), can be used to efficiently capture different viral types.[@b16-ijn-11-1847],[@b17-ijn-11-1847] These include human immunodeficiency virus Type 1 (HIV-1),[@b18-ijn-11-1847] respiratory syncytial virus (RSV),[@b19-ijn-11-1847] Borna disease virus,[@b20-ijn-11-1847] influenza virus,[@b21-ijn-11-1847] and dengue virus,[@b22-ijn-11-1847] which are all enveloped viruses. In addition, antibodies targeting the viral envelope proteins have been shown to interfere with the binding of virus particles to the anionic magnetic beads.[@b18-ijn-11-1847],[@b19-ijn-11-1847] The results of this study imply that the anionic magnetic beads might bind viruses via the viral envelope, but it remains unclear whether the envelope is essential for the observed interaction. These considerations prompted us to further investigate whether the anionic magnetic beads are able to bind a nonenveloped virus.

Here, we determined whether anionic magnetic beads coated with poly(MVE-MA) are able to efficiently capture adenovirus, which is a representative nonenveloped virus ([Figure 1](#f1-ijn-11-1847){ref-type="fig"}). Furthermore, the applicability of this bead-concentrating method was examined using various types of adenovirus.

Materials and methods
=====================

Reagents
--------

Unless otherwise specified, chemical reagents were obtained from Sigma-Aldrich (St Louis, MO, USA) or Wako Pure Chemical Industries (Osaka, Japan). Magnetic particles (300 nm in diameter) with a high ferrite content were used in this study. The poly(MVE-MA) coating was grafted onto the magnetic particles in 5% dimethyl sulfoxide and phosphate buffer for 3 hours at 37°C as described previously.[@b16-ijn-11-1847]

Adenovirus
----------

Purified recombinant adenovirus Type 6 (strain Tonsil99) was purchased from Hytest, Ltd. (Turku, Finland). Genetic recombinants of adenovirus Type 5, lacking the ability to grow, were purchased from Takara Bio Inc. (Otsu, Japan). Axcw2 is adenovirus Type 5 alone, while AxCAwt2 contains adenovirus Type 5, CAG promoter, cytomegalovirus enhancer, chicken β-actin promoter, and rabbit β-globin polyA site. AxCAiLacZ contains adenovirus Type 5, CAG promoter, cytomegalovirus enhancer, chicken β-actin promoter, rabbit β-globin polyA site, and *Escherichia coli* β-Gal gene (Takara Bio Inc.). Adenoviruses such as Adenoid75 (adenovirus Type 5, ATCC VR-5), Tonsil99 (adenovirus Type 6, ATCC VR-6), Slobitski (adenovirus Type 11, ATCC VR12), AV-587\[3911\] (adenovirus Type 19, ATCC VR-254), and Tak (73-3544) (adenovirus Type 41, ATCC VR930) were purchased from American Type Culture Collection (Manassas, VA, USA).

Collection of nasal aspirates
-----------------------------

Clinical nasal aspirates were collected from pediatric patients at the Baba Pediatric Clinic (Osaka, Japan). The method used to collect the samples was described previously.[@b17-ijn-11-1847],[@b23-ijn-11-1847] Briefly, saline was introduced into the nasal cavity, and fluid was collected using a nasal aspirator, Belvital (Melisana, Nogent-sur-Marne, France). The nasal fluid was then filtered through a stainless steel mesh (200 grids per inch \[25.4 mm\]) to remove cell debris. The nasal aspirates were subsequently subjected to immunochromatography for adenovirus as described in the "Immunochromatography" section. As a negative control, nasal aspirates were also collected from healthy donors using the same procedure. The research project was approved by the Ethics Committee of the Research Institute for Microbial Diseases at Osaka University. Written informed consent was obtained from all the individuals who participated in this study.

Capture of adenovirus
---------------------

Viral capture was performed as described previously.[@b17-ijn-11-1847] Briefly, the magnetic beads (volume of 50 μL) were washed twice with binding buffer and then twice more with phosphate-buffered saline (PBS). A 20 μL aliquot of nasal aspirate or cell culture medium infected with adenovirus was diluted with 500 μL of PBS and incubated with the washed magnetic beads for 20 minutes at room temperature. After applying a magnetic field, the supernatant was discarded. The beads were then washed three more times with PBS. Finally, the washed beads were resuspended in PBS and analyzed by Western blotting, immunochromatography, viral DNA extraction, or viral titration assay.

Immunochromatography
--------------------

A rapid test for the detection of adenovirus antigens was performed using Quick Navi-Adeno (Denka Seiken Co., Ltd., Tokyo, Japan), which recognizes the adenovirus hexon protein.[@b24-ijn-11-1847] The experimental procedure was conducted according to the manufacturer's instructions.

Enzyme-linked immunosorbent assay
---------------------------------

An adenovirus-X™ rapid titer kit (Clontech Laboratories Inc., Mountain View, CA, USA) was used to assay for adenovirus hexon protein. Briefly, samples were incubated with HEK293 cells for 48 hours, and the cells were then fixed with ice-cold 100% methanol and stained with mouse anti-adenovirus hexon antibody. The signal was detected with a rat anti-mouse antibody conjugated to horseradish peroxidase and developed with metal-enhanced 3,3′-diaminobenzidine tetrahydrochloride. Brown/black staining, indicating infection with adenovirus, was visualized by optical microscopy.

Viral titration assay
---------------------

The number of plaque forming units (PFUs) per mL was determined by performing twofold serial dilutions of samples in 96-well plates containing HEK293 cells (ATCC CRL1573™) as described in the manufacturer's instructions (Adeno-X™ Expression System User Manual, Clontech Laboratories Inc.). Prior to infection, cells were washed with PBS and then the infected cells were incubated at 37°C in an atmosphere of 5% CO~2~ for 7 days. Virus titer was determined by counting the number of plaques. To minimize error, only plates containing between 10 and 100 plaques were counted (ie, depending on the size of the cell culture plate). According to statistical analysis, when 100 plaques are counted, the sample titer will vary by ± 10%.

Western blotting
----------------

Each fraction was solubilized in an equal volume of 2× sodium dodecyl sulfate (SDS) gel-loading buffer (90 mM Tris--HCl \[pH 6.8\], 10% mercaptoethanol, 2% SDS, 0.02% bromophenol blue, and 20% glycerol), boiled for 5 minutes, and then resolved by SDS--polyacrylamide gel electrophoresis (PAGE) using an 8% gel. The bands were then electroblotted onto a polyvinylidene difluoride (PVDF) membrane (Hybond-P; Amersham-Pharmacia Biotech, Piscataway, NJ, USA) for 60 minutes at 15 V. The PVDF membrane was blocked with 5% skimmed milk for 1 hour at room temperature and then incubated with goat anti-adenovirus polyclonal antibody (AP00664PU-N, Acris) in PBS containing 0.1% Tween 20 (PBS-T) and 0.5% skimmed milk for 1 hour at room temperature. After three washes with PBS-T, the membrane was incubated in PBS-T and 0.5% skimmed milk supplemented with anti-goat IgG conjugated to horseradish peroxidase (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) for 1 hour at room temperature with gentle shaking. The membrane was then washed three times with PBS-T, and protein bands that reacted with the antibodies were visualized using an enhanced chemiluminescence detection kit (Amersham-Pharmacia Biotech). Chemiluminescence was detected using EzCaptureMG (ATTO Corp., Tokyo, Japan). Band intensity was analyzed by densitometric analysis with ImageJ software (National Institutes of Health).

X-gal (5-bromo-3-indoyl-β-[d]{.smallcaps}-galactopyranoside) staining
---------------------------------------------------------------------

For X-gal staining, X-Gal Staining™ solution (Genlantis and Gene Therapy Systems, Inc, San Diego, CA, USA) was used. Briefly, cells were fixed with formaldehyde--glutaraldehyde buffer and washed with PBS. Samples were then incubated in X-gal staining solution for 18 hours at 37°C in a CO~2~ incubator. Blue cells, indicating infection with adenovirus, were visualized by optical microscopy.

Viral DNA extraction and PCR amplification
------------------------------------------

Adenovirus DNA was extracted using a QIAamp Viral RNA mini kit (Qiagen, Hilden, Germany). Viral nucleic acid derived from either the beads or an aliquot of each sample was extracted according to the manufacturer's instructions. DNA was extracted from the magnetic beads by adding lysis buffer prior to removing the beads. The DNA was then eluted into 60 μL of nuclease-free water and amplified in a reaction mixture containing primers, Ex Taq (Takara bio Inc.) and 1× Ex Taq buffer. Amplification comprised 30 cycles of 94°C for 30 seconds, 50°C for 30 seconds, and 72°C for 2 minutes. PCR was carried out using the following primers with specificity for the adenovirus hexon gene: Hexon-F: 5′-TGGGTGATAACCGTGTGCTA-3′,Hexon-R: 5′-TTAATGCTAGCCCCGTCAAC-3′.

The amplified DNA products were analyzed by agarose gel electrophoresis using a 1.2% gel.

Real-time PCR
-------------

Extracted viral DNA was also analyzed by real-time PCR using SYBR Premix Ex TaqII (Tli RNase H plus; Takara Bio Inc.) according to the manufacturer's instructions (Stratagene, La Jolla, CA, USA). Briefly, the real-time PCR components included SYBR Premix Ex Taq II and the forward and reverse target gene primers: realAdenoHexon-F, 5′-GACATGACTTTCGAGGTCGATCCCATGGA-3′; realAdenoHexon-R, 5′-CCGGCTGAGAAGGGTGTGCGCAGGTA-3′. Real-time PCR was performed using a Thermal Cycler Dice Real Time System (Takara Bio Inc.). The cycling program included initial denaturation at 95°C for 30 seconds, followed by 40 cycles of 95°C for 30 seconds and 60°C for 30 seconds. Each reaction was carried out in quadruplicate, and the results were analyzed using Thermal Cycler Dice Real Time System Single software (Takara Bio Inc.). The relative expression ratio of each sample was calculated using a mathematical model based on the amplification efficiency. PCR specificity was verified by dissociation curve analysis of the amplified DNA fragments of step 1 (95°C/15 seconds), step 2 (60°C/30 seconds), and step 3 (95°C/15 seconds).

DNA sequencing
--------------

The products of conventional PCR and real-time PCR were purified and cloned into pT7Blue T-vector (Novagen, Madison, WI, USA). The identity of the PCR products was then verified by DNA sequencing on an ABI PRISM3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) using R-20mer primer and U-19mer primer (Novagen).

Results
=======

Initially, we performed immunochromatography to verify whether the poly(MVE-MA)-coated anionic magnetic beads could efficiently capture adenovirus. For these experiments, recombinant adenovirus Type 6 (Tonsil99) was used as sample solution. Immunochromatography, employing an antibody against adenovirus hexon protein, was used to detect adenovirus in the bead fraction (BD; [Figure 2](#f2-ijn-11-1847){ref-type="fig"}). Adenovirus was also detected in samples containing the same quantity of adenovirus as in the BD (total fraction, TL). However, the corresponding band was absent in the supernatant after separation from the beads (SP; [Figure 2](#f2-ijn-11-1847){ref-type="fig"}). Compared with the BD fraction, a band of lower intensity was detected in the sample before incubation with the beads (BF fraction). To further examine whether this magnetic capture method can be applied to different serotypes of adenovirus, Adenoid75 (Adenovirus Type 5), Tonsil99 (Adenovirus Type 6), Slobitski (Adenovirus Type 11), AV-587\[3911\] (Adenovirus Type 19), and Tak(73-3544) (Adenovirus Type 41) were subjected to the capture procedure. Our results showed that all types of adenoviruses could be efficiently captured by the anionic magnetic beads ([Figure 3](#f3-ijn-11-1847){ref-type="fig"}). The band intensities obtained by immunochromatography ([Figure 3](#f3-ijn-11-1847){ref-type="fig"}) were then compared using ImageJ software. The band intensity corresponding to TL for each type of adenovirus was taken as 1. Band intensities for BD, BF, and SP are listed in [Table 1](#t1-ijn-11-1847){ref-type="table"}. The data indicate that the beads had concentrated the adenovirus 3.7-fold for Adenoid75, 2.1-fold for Tonsil99, 29.0-fold for Slobitski, 3.2-fold for AV-587\[3911\], and 3.2-fold for Tak(73-3544). The capture efficiencies were 84.2% for Adenoid75, 85.9% for Tonsil99, 100% for Slobitski, 93.2% for AV-587\[3911\], and 90.0% for Tak(73-3544).

We also carried out similar capture experiments using clinical nasal aspirates ([Figure 4](#f4-ijn-11-1847){ref-type="fig"}). Here, a band corresponding to adenovirus hexon protein was detected in BD and TL but not in SP and BF samples, demonstrating the successful capture of adenovirus from nasal aspirates containing a low quantity of virus particles.

Next, we investigated whether the bead-captured adenovirus could be detected using a Western blotting procedure ([Figure 5](#f5-ijn-11-1847){ref-type="fig"}). Two bands with a molecular mass of \~120 and 80 kDa were detected, corresponding to hexon protein (116 kDa) and penton protein (80 kDa), respectively.[@b25-ijn-11-1847] ImageJ software was used to compare band intensities in the hexon region between the BD and TL fractions from eight independent experiments. These results showed the value for BD represents 73%±5.7% compared to TL (100%).

Next, we investigated whether the captured adenovirus retained infectivity after bead separation. Fractions from the cell medium of HEK293 cells transfected with recombinant adenovirus vector AxCAwt2 were subjected to viral titration assays using HEK293 cells ([Figure 6](#f6-ijn-11-1847){ref-type="fig"}). The results showed a similar viral titer (PFU/mL) for the BD and TL fractions. By contrast, the BF fraction had a viral titer of one-tenth that of the BD and TL fractions. Moreover, the viral titer of the SP fraction was below the detection limit for our assay procedure. These observations were further supported by X-gal staining of HEK293 cells transfected with AxCAiLacZ ([Figure 7](#f7-ijn-11-1847){ref-type="fig"}) and enzyme-linked immunosorbent assay (ELISA) using an antiadenovirus hexon antibody ([Figure 8](#f8-ijn-11-1847){ref-type="fig"}). Specifically, X-gal was found to stain cells treated with samples of BD and TL, but not SP ([Figure 7](#f7-ijn-11-1847){ref-type="fig"}). After incubation of HEK293 cells with the TL and BD fractions, adenovirus infected cells were identified by ELISA. However, no adenovirus infected cells were found after incubation with the SP fraction ([Figure 8](#f8-ijn-11-1847){ref-type="fig"}). These results suggest that the vast majority of infectious adenovirus was efficiently captured from solution by the anionic magnetic beads.

Next, we examined the capacity of the anionic magnetic beads to capture adenovirus using PCR to detect the adenovirus genomic DNA ([Figure 9](#f9-ijn-11-1847){ref-type="fig"}). The amplified PCR product was anticipated to be 1,597 bp in length corresponding to the adenovirus hexon gene. A single band of the expected size was amplified from the BD and from the same quantity of cell culture medium as in the BD fraction (TL) using cell culture medium from AxCAwt2 vector-transfected HEK293 cells. No amplified product was detected in the supernatant after incubation with the beads (SP). The amplified product obtained from both the BD and TL fractions was confirmed to be the hexon gene of adenovirus Type 5 by DNA sequence analysis (ie, identity to Genbank accession number AF542116.1 was 95% using the forward primer and 97% using the reverse primer).

We also measured the amount of adenovirus genomic DNA in the BD, SP, and TL fractions by real-time PCR of the hexon gene, relative to that of a control (BF sample with the highest value was taken as 1; [Figure 10](#f10-ijn-11-1847){ref-type="fig"}). By comparison to TL (100%), the amount of viral DNA detected by real-time PCR in the cell culture medium of HEK293 cells transfected with AxCAiLacZ was determined to be 83.33% for the BD fraction and 5.39% for the BF fraction. The specificity of the PCR was confirmed by dissociation curve analysis of the reaction products. The 140 bp band obtained by real-time PCR was also confirmed to correspond to the hexon gene of adenovirus Type 5 by DNA sequencing (identity to Genbank accession number AF542116.1 was 94% using the forward primer and 96% using the reverse primer). Taken together, these results showed that all of the adenovirus in the cell culture medium could be captured by the magnetic beads. Indeed, all of the analyzed components of adenovirus were identified within the magnetic bead-captured fraction.

Finally, we examined whether our capture method enhances the sensitivity of adenovirus detection by immunochromatography. Thus, a solution containing adenovirus below the detection limit for immunochromatography was subjected to the capture procedure. Serial (×2) dilutions were prepared of an adenovirus-containing solution with a titer varying from 4.0×10^3^ PFU/μL to 2.5×10^2^ PFU/μL. Immunochromatography (Quick Navi-Adeno) successfully detected adenovirus down to a level of 1.0×10^3^ PFU/μL but not 5.0×10^2^ PFU/μL (data not shown). Adenovirus with a titer of 5.0×10^2^ PFU/μL was subjected to the virus capture procedure using the magnetic beads. Immunochromatography was then used to detect adenovirus before and after the bead concentrating procedure ([Figure S1](#SD1-ijn-11-1847){ref-type="supplementary-material"}). Our results showed that a viral titer of 5.0×10^2^ PFU/μL could be detected by immunochromatography (Quick Navi-Adeno) only after concentration with the beads.

Discussion
==========

The magnetic bead-mediated capture method for adenovirus described in this paper is a simple and quick procedure that significantly enhances the detection of adenoviruses. The overall processing time of this method is approximately 30 minutes, which is considerably quicker than existing methodologies. Moreover, complicated procedures such as column purification are not required. The results from this study suggest that the magnetic bead capture method can identify adenovirus in samples below the current detection limit. In addition, the relatively small number of processing steps reduces problems associated with loss of signal and potential cross-contamination commonly observed with multistep protocols. The magnetic bead-mediated capture method is also fully compatible with conventional detection methods of immunochromatography such as PCR, ELISA, and Western blotting. Indeed, alternative methods for concentrating viruses are often found to be incompatible with conventional detection procedures.[@b13-ijn-11-1847]--[@b15-ijn-11-1847] For example, PEG precipitation is sometimes incompatible with PCR due to PEG-mediated inhibition of the DNA polymerase used in the amplification step. In addition, the ultracentrifugation procedure requires expensive specialist equipment and is relatively time consuming compared to the magnetic bead-mediated capture method. Therefore, compared to previous virus concentrating methods, our capture procedure using magnetic beads is a promising approach that is well suited to established detection techniques.

There are several methods for concentrating a virus using magnetic beads coated with an antibody for a specific virus.[@b14-ijn-11-1847],[@b26-ijn-11-1847]--[@b30-ijn-11-1847] Polymers such as polyethyleneimine have been used to concentrate simian virus 40,[@b31-ijn-11-1847] herpes simplex virus Type 1,[@b31-ijn-11-1847] Sindbis virus,[@b31-ijn-11-1847] vesicular stomatitis virus,[@b31-ijn-11-1847] amphotropic murine leukemia virus,[@b32-ijn-11-1847] poliovirus,[@b33-ijn-11-1847] hepatitis A virus,[@b33-ijn-11-1847] hepatitis B virus,[@b33-ijn-11-1847] hepatitis C virus,[@b33-ijn-11-1847] and cytomegalovirus (CMV).[@b34-ijn-11-1847] Sulfonated magnetic beads in the presence of divalent cations are known to concentrate CMV,[@b34-ijn-11-1847] Sindbis virus,[@b34-ijn-11-1847] poliovirus,[@b34-ijn-11-1847] and porcine parvovirus.[@b34-ijn-11-1847] Moreover, poly(MVE-MA)-coated magnetic beads can be used for the efficient capture of avian and human influenza virus,[@b17-ijn-11-1847],[@b21-ijn-11-1847] RSV,[@b19-ijn-11-1847] Borna disease virus,[@b20-ijn-11-1847] dengue virus,[@b22-ijn-11-1847] HIV-1,[@b16-ijn-11-1847],[@b18-ijn-11-1847] CMV,[@b16-ijn-11-1847] herpesvirus,[@b35-ijn-11-1847] and vaccinia virus.[@b35-ijn-11-1847]

This study clearly shows that poly(MVE-MA)-coated magnetic beads can be used to capture adenovirus in various sample types, including cell culture medium and nasal aspirates. Nonetheless, further work is required to demonstrate the ability of the magnetic beads to specifically concentrate adenovirus from a mixture of viruses present in a biological sample. Indeed, a previous study using RSV showed that the binding of RSV to the magnetic beads is abrogated in a competitive manner by the presence of influenza A and B virus.[@b19-ijn-11-1847] This observation suggests that the binding mechanism is the same for these viruses. Thus, further studies are required to clarify whether this is also the case for adenovirus.

Previous studies using RSV and HIV-1 have shown that preincubation of the beads with neutralizing antibody against Env of the respective virus prevents capture.[@b18-ijn-11-1847],[@b19-ijn-11-1847] These findings suggested Env may be involved in the binding process between the magnetic beads and viral particles. However, this study demonstrates that the nonenveloped adenovirus also binds to the magnetic beads, showing the envelope is not necessarily required for binding.

Given that poly(MVE-MA) is a negatively charged molecule, modification of the spatial organization of this polymer may alter its binding efficiency/capacity for viral particles. Previous studies reported that the surface of adenovirus is also highly negatively charged.[@b36-ijn-11-1847] Thus, an anionic charge on the polymer might not be preferable for adenovirus binding. However, other functions of the polymer besides its charge may contribute to the binding of adenovirus. This idea is supported by the observation that adenovirus binding to the beads was not influenced by different pH conditions ([Figure S2](#SD2-ijn-11-1847){ref-type="supplementary-material"}). Therefore, it is assumed that the mechanism for adenovirus binding is not dependent on charge. However, our previous studies using RSV have shown that a slightly lower level of virus binding to the magnetic beads is observed under high pH conditions.[@b19-ijn-11-1847] Thus, the contribution of charge to the binding mechanism may vary between viruses. Further analysis of the effect of charge density and steric spatial organization of poly(MVE-MA) on the binding to various types of virus may help elucidate the mechanism of interaction. In addition, information on the exact size and charge values of the polymer on the beads would also be important for understanding binding mechanisms. To test this hypothesis, further studies are required to examine whether changes to the spatial organization and length of poly(MVE-MA) alter the binding to the viruses.

Of the different serotypes of adenovirus analyzed in this study, Type1 Slobitski was most effectively bound by the beads ([Table 1](#t1-ijn-11-1847){ref-type="table"}). This observation implies that different adenovirus types may have different binding capacities to the beads. A previous study has shown varying pH stabilities among different types of adenovirus.[@b37-ijn-11-1847] Moreover, the stability of adenovirus penton protein is known to be strongly pH dependent.[@b3-ijn-11-1847] Thus, binding analysis using a combination of various adenovirus types under different pH conditions may also help to elucidate the mechanisms by which adenoviruses bind to the beads.

A number of factors that inhibit binding between the magnetic beads and viruses have been reported.[@b17-ijn-11-1847] These inhibitory factors include blood and albumin, which nonspecifically bind to the beads and reduce their binding capacity. Clinical samples are often contaminated with inhibitory factors, especially from blood. Thus, a strategy for reducing the inhibitory effect of these factors would be advantageous. Modification of the charge density and surface organization of the anionic polymers on the magnetic beads may be effective in reducing nonspecific binding.

We have demonstrated a simple and straightforward procedure involving magnetic beads coated with anionic polymers that can efficiently capture and concentrate adenovirus. Viral genomic DNA as well as the major capsid proteins hexon and penton were detected in the captured samples either using PCR, real-time PCR, immunochromatography, or Western blotting. Therefore, our capture method is fully compatible with conventional means of viral detection. Finally, our novel method enables early and sensitive detection of adenovirus, which can potentially improve the therapeutic outcome where currently only palliative treatment is possible.

Supplementary materials
=======================

###### 

The concentrating procedure using anionic polymer-coated magnetic beads increases the sensitivity of immunochromatography for the detection of adenovirus.

**Notes:** Samples containing adenovirus below the detection limit for immunochromatography (Quick Navi-Adeno) (5.0×10^2^ PFU/μL) were subjected to magnetic separation using poly(MVE-MA)-coated magnetic beads. The BD was then solubilized with lysis buffer and subjected to a conventional immunochromatography procedure. The presence of adenovirus hexon protein was interpreted on the basis of the presence or absence of a test line (T). A positive control was also included (C). Our results show the incorporation of the magnetic bead concentrating step enables the identification of adenovirus by immunochromatography in samples that would otherwise be below the detection limit for this method.

**Abbreviations:** BD, bead fraction; poly(MVE-MA), poly(methyl vinyl ether-maleic anhydrate); BF, supernatant after incubation with the beads; PFU, plaque forming units.

###### 

Adsorption of adenovirus onto anionic polymer-coated magnetic beads under different pH conditions.

**Notes:** Recombinant adenovirus Axcw2 (20 μL) was diluted with 500 μL of HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer (pH 6.0--8.0), which was prepared by adding different volumes of 0.1 M NaOH to 0.1 M HEPES solution, and then incubated with poly(MVE-MA)-coated magnetic beads. After magnetic separation of the beads, Quick Navi-Adeno was used for the detection of adenovirus hexon protein by immunochromatography. The presence of adenovirus hexon protein was interpreted on the basis of the presence or absence of a test line (T). A positive control was also included (C). Samples were divided into the following categories: BD, sample before incubation with the beads (BF), supernatant after incubation with the beads (SP), and samples containing the same quantity of adenovirus as in the BD (total fraction, TL). All samples were solubilized with lysis buffer and subjected to immunochromatography.

**Abbreviations:** BD, bead fraction; poly(MVE-MA), poly(methyl vinyl ether-maleic anhydrate); HEPES, (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid).
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![Schematic presentation of capturing adenovirus using magnetic anionic nanobead.](ijn-11-1847Fig1){#f1-ijn-11-1847}

![Detection of hexon protein of adenovirus adsorbed onto the anionic polymer-coated magnetic beads from diluted recombinant adenovirus Type 6.\
**Notes:** Recombinant adenovirus Type 6 (Tonsil99; 20 μL, 0.05 mg/mL) was diluted with PBS (500 μL) and then incubated with anionic magnetic beads coated with anionic polymer, poly(MVE-MA). Quick Navi-Adeno was used for the detection of adenovirus capsid protein, hexon by immunochromatography. The presence of adenovirus hexon protein was interpreted on the basis of the presence or absence of a test line (T). A positive control was also included (C). Samples were divided into the following: BD, sample before incubation with the beads (BF), supernatant after incubation with the beads (SP), and samples containing the same quantity of adenovirus as in the BD (total fraction, TL). In each case, samples were solubilized with lysis buffer and subjected to immunochromatography for detection.\
**Abbreviations:** BD, bead fraction; PBS, phosphate-buffered solution; poly(MVE-MA), poly(methyl vinyl ether-maleic anhydrate).](ijn-11-1847Fig2){#f2-ijn-11-1847}

![Adsorption of various types of adenovirus onto anionic polymer-coated magnetic beads.\
**Notes:** Various strains of adenovirus including Adenoid75 (adenovirus Type 5), Tonsil99 (adenovirus Type 6), Slobitski (adenovirus Type 11), AV-587\[3911\] (adenovirus Type 19), and Tak(73-3544) (adenovirus Type 41) were diluted with PBS and then incubated with poly(MVE-MA)-coated magnetic beads. After magnetic separation of the beads, Quick Navi-Adeno was used for the detection of adenovirus hexon protein by immunochromatography. The presence of adenovirus hexon protein was interpreted on the basis of the presence or absence of a test line (T). A positive control was also included (C). Samples were divided into the following categories: BD, sample before incubation with the beads (BF), supernatant after incubation with the beads (SP), and samples containing the same quantity of adenovirus as in the BD (total fraction, TL). All samples were solubilized with lysis buffer and subjected to immunochromatography.\
**Abbreviations:** BD, bead fraction; PBS, phosphate-buffered solution; poly(MVE-MA), poly(methyl vinyl ether-maleic anhydrate).](ijn-11-1847Fig3){#f3-ijn-11-1847}

![Detection of hexon protein of adenovirus adsorbed onto anionic polymer-coated magnetic beads from a NAS.\
**Notes:** Adenovirus in adenovirus-infected NAS was diluted with PBS and subjected to incubation with poly(MVE-MA)-coated magnetic beads. Quick Navi-Adeno was used for the detection of adenovirus hexon protein by immunochromatography. The presence of adenovirus hexon protein was interpreted on the basis of the presence and absence of a test line (T). A positive control was also included (C). Samples were divided into the following categories: BD, sample before incubation with the beads (BF), supernatant after incubation with the beads (SP), and samples containing the same quantity of adenovirus as in the BD (total fraction, TL). All samples were solubilized with lysis buffer and subjected to immunochromatography.\
**Abbreviations:** BD, bead fraction; NAS, nasal aspirate; PBS, phosphate-buffered solution; poly(MVE-MA), poly(methyl vinyl ether-maleic anhydrate).](ijn-11-1847Fig4){#f4-ijn-11-1847}

![Detection of viral proteins in adenovirus recovered with anionic polymer-coated magnetic beads using a Western blotting procedure.\
**Notes:** Adenovirus AxCAwt2 (20 μL) diluted with PBS was captured using poly(MVE-MA)-coated magnetic beads. Samples were divided into three categories: BD, supernatant after incubation with the beads (SP), and sample before incubation with the beads (BF). Samples containing the same quantity of adenovirus as in the BD (total fraction, TL) was also prepared. All samples were solubilized in SDS-gel loading buffer and resolved by SDS--PAGE using an 8% gel. Samples were then analyzed by Western blotting using a polyclonal antiadenovirus antibody. Bands corresponding to hexon (arrow) and penton (arrowhead) protein are highlighted. The molecular mass markers (M) are shown on the left-hand side of the blot. Numbers on the left are molecular weight (kDa).\
**Abbreviations:** BD, bead fraction; PBS, phosphate-buffered solution; poly(MVE-MA), poly(methyl vinyl ether-maleic anhydrate); PAGE, polyacrylamide gel electrophoresis; SDS, sodium dodecyl sulfate.](ijn-11-1847Fig5){#f5-ijn-11-1847}

![Virus titration assay showed recovery of infectious viral particles from the anionic polymer-coated magnetic beads.\
**Notes:** Cell culture medium of HEK293 cells transfected with adenovirus vector AxCAwt2 was diluted with PBS and the virus particles were then captured using poly(MVE-MA)-coated magnetic beads. The resultant BD, supernatant after incubation with the beads (SP), sample before incubation with the beads (BF), and samples containing the same quantity of adenovirus as in the BD (total fraction, TL) were subjected to a viral titer assay (PFU/mL).\
**Abbreviations:** BD, bead fraction; PBS, phosphate-buffered solution; poly(MVE-MA), poly(methyl vinyl ether-maleic anhydrate); PFU, plaque forming units.](ijn-11-1847Fig6){#f6-ijn-11-1847}

![X-gal staining showed recovery of infectious viral particles using anionic polymer-coated magnetic beads.\
**Notes:** Cell culture medium of HEK293 cells transfected with adenovirus vector AxCAiLacZ was diluted with PBS and the virus particles were then captured using poly(MVE-MA)-coated magnetic beads. The resultant BD, supernatant after incubation with the beads (SP), and samples containing the same quantity of adenovirus as in the BD (total fraction, TL) were subjected to X-gal staining.\
**Abbreviations:** BD, bead fraction; PBS, phosphate-buffered solution; poly(MVE-MA), poly(methyl vinyl ether-maleic anhydrate).](ijn-11-1847Fig7){#f7-ijn-11-1847}

![ELISA showed recovery of infectious viral particles using anionic polymer-coated magnetic beads.\
**Notes:** Cell culture medium of HEK293 cells transfected with adenovirus vector AxCAwt2 was diluted with PBS and the virus particles were then captured using poly(MVE-MA)-coated magnetic beads. The resultant BD, supernatant after incubation with the beads (SP), and samples containing the same quantity of adenovirus as in the BD (total fraction, TL) were subjected to ELISA using antiadenovirus hexon protein antibody.\
**Abbreviations:** BD, bead fraction; ELISA, enzyme-linked immunosorbent assay; PBS, phosphate-buffered solution; poly(MVE-MA), poly(methyl vinyl ether-maleic anhydrate).](ijn-11-1847Fig8){#f8-ijn-11-1847}

![Detection of the DNA genome of adenovirus adsorbed onto anionic polymer-coated magnetic beads.\
**Notes:** Adenovirus AxCAwt2 (20 μL) in 500 μL PBS were mixed with poly(MVE-MA)-coated magnetic beads. After incubation, the following fractions were obtained: BD, supernatant after incubation with the beads (SP), sample before incubation with the beads (BF), and samples containing the same quantity of adenovirus as in the BD (total fraction, TL). Viral genomic DNA was subsequently extracted from the various fractions using a QIAamp Viral RNA mini kit. These experiments confirmed that adenoviral DNA could be extracted from the beads and subjected to the PCR. DNA corresponding to the adenovirus hexon gene (1597-bp) was amplified by PCR. The identity of the amplified products was confirmed by DNA sequencing. The left-hand lane is size marker (M), which includes DNA of 100, 200, 300, 400, 500, 600, 700, 800, 900, 1,000, 1,200, and 1,500 bp. The positions of the 100 bp, 500 bp, and 1,500 bp bands are indicated by arrows.\
**Abbreviations:** BD, bead fraction; PBS, phosphate-buffered solution; poly(MVE-MA), poly(methyl vinyl ether-maleic anhydrate); PCR, polymerase chain reaction.](ijn-11-1847Fig9){#f9-ijn-11-1847}

![Quantitative analysis of adenovirus DNA adsorbed onto anionic polymer-coated magnetic beads.\
**Notes:** The poly(MVE-MA)-coated magnetic beads were used to capture adenovirus from 20 μL of culture medium of HEK293 cells transfected with AxCAiLacZ diluted with PBS and then analyzed by real-time PCR using realAdenoHexon-F and realAdenoHexon-R primers for the hexon gene of adenovirus. Samples were divided into four fractions: 1) BD, 2) supernatant after incubation with the beads (SP), 3) sample before incubation with the beads (BF), and 4) samples containing the same quantity of adenovirus as in the BD (total fraction, TL). The BF sample with the highest value was taken as 1.\
**Abbreviations:** BD, bead fraction; PBS, phosphate-buffered solution; poly(MVE-MA), poly(methyl vinyl ether-maleic anhydrate); PCR, polymerase chain reaction.](ijn-11-1847Fig10){#f10-ijn-11-1847}

###### 

The band intensities of immunochromatography in each fraction from various strains of adenovirus captured by the anionic polymer-coated magnetic beads

  Strains          BD      SP     BF      Concentrating rate (BD/BF)
  ---------------- ------- ------ ------- ----------------------------
  Adenoid75        0.842   0      0.228   3.7
  Tonsil99         0.859   0      0.406   2.1
  Slobitski        1.074   0      0.037   29.0
  AV-587\[3911\]   0.932   0      0.295   3.2
  Tak(73-3544)     0.900   0.02   0.280   3.2

**Notes:** The band intensities of each fraction shown in immunochromatography using various strains of adenovirus were compared using ImageJ software. The band intensity of TL for each strain of adenovirus was taken as 1. Band intensities of each fraction (BD, SP, and BF) compared to TL are listed. Concentrating rate was calculated by the intensity in BD divided by the intensity in BF. Samples were divided into the following: beads fraction (BD), sample before incubation with the beads (BF), supernatant after incubation with the beads (SP), and sample containing the same quantity of adenovirus as in the BD (total fraction, TL).
